FIG. 1. The details of our implementation of the split-step algorithm. The algorithm is divided into three main sections each with a speci c task. A The slowness slices required by the split-step method are obtained by an out of core multinode transpose subroutine call, B the columns of input seismic data are read into the memory of each PE and then distributed to the appropriate PE's after performing an FFT over the time domain to get frequency slices, and C each PE reads in the designated frequency slices and receives the slowness data for the current depth step and applies the downward continuation operator of the split-step Fourier migration. In the prestack case, the imaging condition is applied using the pre-computed travel time slices. This is followed by a local summation over the range of frequencies each PE has. Once all the wave eld is extrapolated across all the depth, the nal migrated section is obtained by a global sum and multinode out of core transpose.
Parallel split-step Fourier depth migration algorithm Another approach for prestack split-step depth migration can be obtained by using downward continued receiver wave eld and pre-computed travel times from the source Tanis, 1993 We implemented the 3-D split-step Fourier depth migration algorithms described here on a 40-PE Cray T3E parallel computer. We h a ve used the PVM as the main message passing tool primarily for portability purposes and accomodated Cray speci c software whenever possible. In addition we applied a variety of optimizations to reduce computation time and memory requirements. In the implementation, the main parallelisation is staged over the frequency slices so that each processing element PE can carry out wave eld extrapolation for the range of frequencies it has with the least amount of communication overhead. The memory available to each P E w as maximized by implementing the split-step Fourier algorithms in 4-byte oating point representation. In addition, substantial computation time is saved since we could now utilize 32-bit FFT library calls available on the T3E. Figure 1 displays the details of our implementation. The algorithm is divided into three main sections each with a speci c task. In the rst part the slowness slices required by the split method are obtained by an out of core multinode transpose subroutine call Figure 1A . Similarly, in the second part of the algorithm, the columns of input seismic data are read into the memory of each PE and then distributed to the appropriate PE's after performing an FFT over the time domain to get frequency slices Figure 1B . In the last part of the migration, each PE reads in its designated frequency slices and receives the slowness data for the current depth step and applies the downward continuation operator of the split-step Fourier migration. Then, each PE applies the imaging condition locally and a summation over the range of frequencies it has. Once all the wave elds are extrapolated across all the depth intervals, the nal migrated section is obtained by a global sum and multinode out of core transpose Figure 1C . For prestack split-step depth migration based on source and receiver wave eld downward continuation, the second and third steps are applied to the source wave eld for a particular shot location and the wave elds are cross-correlated at each depth level to obtain the image Equation 2. For prestack split-step migration based on the source arrival times, the precomputed travel times from an Eikonal solver e.g., Faria and Sto a, 1993 or a ray tracing algorithm is used and applied as a phase correction to account for the source contribution Equation 3. Figure 2 shows an example of our 3-D prestack split-step Fourier migration for a 3-D nite-di erence synthetic data set. The upper gure displays the input seismic data for the line 90 of 181-line model. In the middle, the re ection coe cient section for the same line is shown. The bottom gure is the prestack split-step Fourier depth migrated section of a 3-D shot record of the same line. The migrated image matches well with the re ection coe cients.
EXAMPLES

CONCLUSIONS
We h a ve implemented an e cient massively parallel 3-D split-step Fourier depth migration algorithm on the Cray T3E using PVM as message passing tool. The algorithm is fast and designed to migrate 3-D prestack and poststack seismic data. We h a ve successfully applied this algorithm to several data sets and nd that the split-step Fourier method produces an accurate structural image.
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SUMMARY
We present an implementation of parallel split-step Fourier depth migration algorithm for migrating 3-D prestack and poststack seismic data. Our poststack split-step Fourier implementation is based on the original work of Sto a et al. 1990 to migrate zero-o set seismic data. The prestack implementation is applied to migrate individual 3-D shot records using two di erent imaging principles. The rst one is based on downward continuation of the source and receiver wave elds independently. The second one is based on the travel time calculations for the source and wave eld extrapolation for the receiver. We implemented these fast imaging algorithms on a Cray T3E using PVM message passing calls. In this study, w e give a brief description of the split-step Fourier method and present its parallel implementation and performance for migrating 3-D synthetic and real data sets on the T3E. We nd that split-step Fourier migration algorithm produces accurate images in the areas of smooth lateral velocity v ariations and can be used as a tool for 3-D seismic model building.
INTRODUCTION
The use of massively parallel processor MPP systems is becoming more widespread in the oil industry as scientist and others alike realize their strength in increasing the performance and turnaround time for processing 3-D seismic data. While the advent of the MPP's made it possible for more accurate but compute intensive algorithms such a s explicit nite-di erence methods to be considered for 3-D imaging, their routine use primarily is still limited to 3-D poststack imaging. The split-step Fourier migration method, originally developed by Sto a et al. 1990 , is an imaging technique for both poststack and prestack depth migration since it is an e cient algorithm that can handle smooth lateral velocity variations Tanis, 1993 . The method is an extension of Gazdag's phase-shift method to accommodate lateral velocity variations. It is based on decomposing the laterally varying slowness function into two components; a mean slowness and laterally varying component. The wave eld is continued by applying a phase-shift based on the mean slowness in the frequency-wavenumber domain and a second phase-shift based on the laterally varying component in the frequency-space domain. The use of maximum slowness instead of mean slowness as the reference velocity can further improve the accuracy of the method Tanis, 1996. We implemented an optimized parallel 3-D split-step Fourier depth migration algorithm for migrating 3-D seismic data using PVM message passing calls on a Cray T3E. The poststack implementation is based on the work of Sto a et al. 1990 where the exploding re ector model is assumed. The prestack split-step Fourier migration is implemented to migrate individual 3-D shot records using two di erent imaging principles as described by T anis 1993 and Tanis et al. 1996 . The rst approach is a natural extension of the original split-step Fourier method where the source and receiver wave elds are downward continued independently across each depth interval and then cross-correlated to obtain the image. The second approach requires precomputed direct arrival times from the source to each subsurface location. These precomputed times are then applied to downward continued receiver wave eld as a phase correction and migrated image is constructed.
DESCRIPTION OF THE METHOD
The split-step Fourier algorithm is a perturbation technique where the recorded wave eld is downward continued in alternating two steps: the rst step is applied in the frequency-wavenumber domain and the second one is applied in the frequency-space domain. For the zero-o set data, the split-step migration operator is given by Sto a et al. where P r;zn+1; w is the downward continued wave eld, kz 0 is the reference vertical wavenumber and ur is the lateral slowness perturbation andr = x; y. Equation 1 gives the 3-D split-step Fourier operator to migrate poststack data. To extend the method to migrate common shot gathers, we independently propagate source and receiver data downward one depth interval at a time and cross-correlate two w ave elds at each depth interval followed by a summation over all frequencies of interests. P r;zn+1; w = Pr r;zn+1; w P s r;zn+1; w ; and M r;zn+1 = 1 w2 , w1 Z w 2 w 1 P r;zn+1; w dw: 2
